Abstract-High speed electric machines operate at tens of thousands of revolutions per minute. The rotor and stator cores experience high frequency electromagnetic fields. While the magnetic characteristics are available at 50/60 Hz, magnetic characteristics are required over a wide range of frequency due to variable speed operation of high speed motor. In this paper tests are carried out on ferromagnetic alloys over a frequency range of 1 Hz to 5 kHz and flux densities ranging from 0.1 T to 2 T. The materials considered include the widely used M36 and 65C600 laminations. In applications where the rotor speed and shaft temperature are high, solid core rotors are more viable than laminated ones. Further, the application requires that the shaft and active magnetic parts of the rotor be made of a single material. Hence, EN353 and EN8 are the prospective rotor materials considered. An extensive experimental study on the magnetic characteristics of these materials over a wide frequency range is reported in this paper. The results include B-H curves, static magnetisation curves and power loss curves. The loss curves are useful to evaluate the loss density in the magnetic material at different frequencies and for various values of peak flux densities. These experimental data are essential for the analysis, design and performance evaluation of high speed electric machines.
I. INTRODUCTION
Performance evaluation and design optimisation of an electric machine requires knowledge of magnetic material used to build its stator and rotor. A small change in magnetic characteristics could lead to a significant variation in the performance of the machine. Various types of ferromagnetic alloys are available in the market which carry names such as M36, M19, M22, EN353, EN8, 65C600 and JNEX [1] , [2] . These are cold rolled non-grain oriented silicon steels (CRNGO-steels). The magnetic properties of ferromagnetic alloys depend on manufacturing processes [3] , [4] . These properties vary with frequency, and need to be studied at the frequencies of interest.
High speed machines are designed to operate at speeds in the order of tens of thousands of revolutions per minute. The magnetic material in such machines experience high frequency electromagnetic fields. These frequencies vary with the operating speed of the motor. Hence the magnetic characteristics of such ferromagnetic alloys need to be studied over a wide frequency range. The widely used M36 and 65C600 laminations are considered in this paper.
In certain applications, the rotor spins at high speeds and also experiences high temperatures. In such cases a rotor made up of laminations could experience structural deformations. Further the glue and insulating material in the laminates might not be able to withstand high temperatures. Hence a solid rotor is considered here. Further, the shaft and the active magnetic part of the rotor should be made of a single material so that the two would not have differing coefficients of thermal expansion. Alloys such as EN353 and EN8 are reasonable options which can provide good mechanical strength (as desired for the shaft) and good magnetic properties (as desired for the rotor). The magnetic characteristics of these solid materials are also studied experimentally (in addition to M36 and 65C600) in this paper.
An intensive study on solid rotor is reported in [5] . Differences between solid cores and laminates are detailed in [6] . The impact of stator and rotor materials on variable speed operation is discussed in [7] . At high speeds the iron losses can be dominant, and are expected to be different at different frequencies. Most often, data-sheets of manufacturers provide loss data at 50 or 60 Hz only [2] . In some cases [8] data are available upto 400 Hz. For high speed motor drives it is necessary to know the magnetic characteristics and loss data at still higher frequencies.
There are different methods to test magnetic materials. One method uses Epstein frame which is discussed in [3] . There are a few other methods to test them as given in [9] . This paper employs a method mentioned in [9] to test ferromagnetic alloys. The frequency range of test carried out is between 1 Hz and 5 kHz. The materials are studied at peak flux densities as low as 0.1 T to as high as 2 T.
II. METHODOLOGY
The geometry of the test samples and the testing procedure is discussed in this section.
A. Core geometry
The magnetic core material under test can be either toroidal in shape or a rectangular strip. In case of rectangular strips, the flux density at the corners is not uniform and also there are small air gaps at the junctions. This work uses toroid shaped cores which have uniform cross-section and no air-gap. The flux density can be considered to be uniform. Table I .
B. Test samples
Over the solid core or the stack of laminations the primary and secondary coils are wound. The primary turns N p is equal to the secondary turns N s here. The secondary winding is wound inside and the primary winding is wound outside. Total 8 samples are prepared as detailed in Table II . The images of 6 of these samples are shown in Fig. 2 . 
where A is the mean area of the core. The measured secondary voltage is then integrated to obtain the flux density B(t) in the core. The primary current i p is multiplied by a factor of N p /l m to obtain H(t):
where l m is the mean magnetic path length of the core. The above procedure is repeated with different input voltage and frequency to obtain the magnetic characteristics at different values of peak flux density levels and frequencies.
D. Static magnetisation and loss characteristics
The peak flux density B pk and the corresponding H pk values obtained at 1 Hz input excitation frequency for different excitation voltage levels are joined together to obtain the static magnetization curve. To obtain the power loss density at different frequency and peak flux density values, first the average power loss is obtained as follows: 
Therefore the loss density is:
where m s is mass of the toroid sample, V is volume of the toroid and ρ is the material density.
III. EXPERIMENTAL RESULTS
In this section the experimental results for all the 8 test samples are presented. These include the secondary voltage and primary current waveforms, the measured B-H loops, the static magnetization curves and the power loss density curves.
A. Induced voltage and magnetising current
In Figs 
B. B-H loops
The measured B(t) is plotted against H(t) waveform to obtain B-H loops. Measured B-H loops at different frequencies for laminated materials at 1.5 T peak flux density are shown in Figs. 5(a)-(c) . The area enclosed by the loop is power loss incurred per cycle in unit volume of the material. At low frequencies (< 10 Hz) the loss is mainly due to the hysteresis effect, and therefore the loop area is nearly constant. At high frequencies dynamic losses such as eddy current dominates, which increases the loop area as seen in the figures. Results for solid core material for different frequencies are shown in Figs. 6(a)-(c). Since these are not laminated, loop area changes even at lower frequencies due to higher eddy current losses. The effect of hardening process can be seen in Figs. 6(b) and (c), where EN353 is tested in hardened and non-hardened form. These two have quite different magnetic characteristics. In Figs. 7 and 8, results at fixed frequency of 50 Hz and varying peak flux density are shown for laminated and solid material, respectively. The non-linear behaviour of the magnetic characteristics can be confirmed in these figures. Laminated materials have much lower loop area and therefore lower losses compared to solid materials at same frequency and peak flux density values. A comparison of different material B-H loops is shown in Fig. 9 . Among all the materials tested, M36 has the least loop area.
C. Static magnetisation curves
The static magnetization curves for the five different alloys tested are shown in Fig. 10 . Saturation behaviour can be seen in all the cases. In case of EN8 and hardened EN353 alloy, non-linear behaviour can be observed at low values of flux density as well. The M36 material offers the highest permeability.
D. Power loss curves
The power loss density curves for laminated and solid core material are shown in Figs. 11 and 12 , respectively. In these two figures, experimental results are reported at different B pk values and up-to 500 Hz excitation frequency. The data sheet values for the lamination materials tally with the obtained experimental results. Among the lamination material, M36 has lower losses as it is thinner. The solid core materials have much higher losses due to large eddy current losses. Power loss data at higher frequencies up to 5 kHz are plotted in Figs. 13(a)-(b) . These are obtained for two of the tested materials, namely M36 lamination and EN353 hardened core.
IV. CONCLUSION
Magnetic characteristics of ferromagnetic alloys over a range of 1 Hz to 5 kHz are obtained experimentally and the procedure for the same is discussed. The ferromagnetic alloys studied are M36, 65C600, EN8, hardened EN353 and nonhardened EN353. The test results of different materials are presented and discussed. The static magnetisation curves are obtained for different test samples. The loss densities are given at different frequencies and for different values of peak flux densities. These results are critical for the analysis, design and performance evaluation of high speed machines which use these ferromagnetic alloys.
